An unexpectedly large proportion of eukaryotic genes yield no obvious mutant phenotype when inactivated. An ingenious new approach using yeast allows all genes to be screened simultaneously for the presence of weak selection against lack-of-function mutations.
The results that are flooding in from the various eukaryote genome-sequencing projects reveal that gene numbers are higher than expected from genetic screens. In Drosophila melanogaster, for example, it was once believed that the number of genes corresponded approximately to the number of polytene chromosome bands -about 5000. Indeed, for some regions, such as that between the zeste and white loci, there is an almost exact agreement between the number of bands and the number of lethal complementation groups, which are assumed to correspond to essential genes [1] . However, it is now estimated that the number of genes in Drosophila is between 12 000 and 20 000, most of which are not essential for viability and indeed show no obvious mutant phenotype. Similarly, most of a sample of 55 novel genes discovered on yeast chromosome III caused no detectable phenotypic change when mutated [2] . Apparent absences of mutant phenotypes are also proving disconcerting to those 'knockingout' seemingly important genes in mice.
Naively, such results might be interpreted as indicating redundancy, with more genes existing than are required to produce the wild-type phenotype. Certainly, part of the explanation for apparent redundancy arises from the presence of gene families with overlapping functions, such that the simultaneous loss of many genes has an effect greater than the sum of the effects of losing individual genes. Indeed, there is a variety of evidence indicating that, early in the vertebrate lineage, the genome underwent two successive rounds of tetraploidization -this is indicated, for example, by the presence in vertebrate genomes of four Hox gene clusters rather than the one usually found in invertebrates [3] .
An evolutionary paradox is posed by the fact that the gene duplications used to explain cases of apparent redundancy are ancient compared to the expected half-lives of genes lacking mutant phenotypes. If the duplicated genes really are redundant, then what prevents symptomless loss-offunction mutations in such genes from spreading to fixation in populations by genetic drift? The answer, almost certainly, is that natural selection operates weakly against those individuals bearing mutations.
It is insufficiently appreciated how weak the selection against mutations -measured by the selection coefficient s -can be and still maintain genetic function. Provided that the selection coefficient against loss-of-function mutations is simultaneously greater than both the mutation rate and the reciprocal of the effective population size, selection will prevail against the combined forces of mutation and drift. A selection coefficient of one percent, for example, is immensely powerful as an evolutionary force [4] . However, such weak selection coefficients are very unlikely to reveal themselves in experiments, when mutants are compared to wild-type. A mutant mouse, for example, with a knocked-out gene generating a fitness loss of this magnitude would simply be described as fully viable and fertile.
The 'problem' of genetic redundancy may thus, in a sense, be a pseudoproblem arising from our inability to measure subtle fitness changes. The problems of fitness measurement are two-fold. The first is that of sampling error. Fitness is the expected value of the product of survival and reproduction over one generation, but the measured mean survivorship of a group of individuals must have a binomial variance conditional upon the sample size. Large population sizes are thus required before subtle differences in fitness can be identified with statistical confidence. The second problem is that of duplicating the environment, or range of environments, in which the species under study has evolved. A mutant may only be equal in fitness to the wild-type organism in unusual laboratory environments in which the wild-type function is not required.
An ideal test for selection on apparently redundant loci would thus involve competing wild-type and mutant organisms, over a number of generations, in large numbers and a variety of environments. This is only realistic with microorganisms, and even here the logistics of systematically creating disruptions in all genes, and competing each mutant strain against wild-type in a variety of environments, are daunting. A solution has recently been suggested by Smith et al. [5] : their technique, known as 'genetic footprinting', was designed for use in the budding yeast Saccharomyces cerevisiae, and improves efficiency by potentially allowing selection at every locus in the genome to be monitored in a single population.
The technique devised by Smith et al. [5] involves the initial mobilization, in a very large population of around 10 11 cells, of a marked retrotransposon of the Ty1 family, by stimulating its transcription from a galactose-dependent promoter. Cells typically receive around five new Ty1 insertions. These insertions strongly favour regions upstream of genes, in preference to coding sequences. With this many cells, however, and around 6000 genes, there will, on average, be around 10 8 cells with insertions in, or next to, each gene. Of the very many different positions occupied, a small but easily detectable portion are scattered throughout the coding sequence of the gene, and these can be observed using quantitative polymerase chain reaction (PCR).
The experiment has two main steps; in the first, the transposable elements are mobilized in the founding population and DNA extracted from a sample of these cells. PCR analysis of the extracted DNA is then carried out using two primers: one binds to the 3′ sequence of the particular gene chosen for investigation; the other binds to a sequence near the terminus of the marked Ty1 sequence that was mobilized (endogenous Ty1 elements cannot bind to this primer). Typical results are shown in Figure  1a : a range of different size PCR products are seen, whose lengths are determined by the distance between the 3′ primer and the insertion site. The shorter sequences are PCR products from cells in which the transposable element has inserted into the gene. More abundant are PCR products running through the whole gene to insertion hotspots in the 5′ flanking sequence. All PCR products are rare, as only one in every thousand cells has an insertion into or near this particular gene.
In the second step, samples of the population in which the Ty1 elements were mobilized, each of more than 10 8 cells, are grown for a time sufficient for perhaps fifteen doublings in cell number. These can be grown in different environments if desired. During this growth period, selection may operate against genotypes with insertions into genes. At the end of selective growth, DNA is again extracted, and the PCR repeated. If selection has operated against cells with insertions into the coding sequence, but not against those with insertions into the 5′ flanking sequence, the results of the second PCR will resemble Figure 1b . There is what the authors call a 'genetic footprint', in which the abundance of cells with insertions in the gene has diminished relative to those bearing insertions in intergenic regions.
The real gain in efficiency of the experiment is that a single population, grown at very high numbers, allows, potentially, simultaneous testing for selection at each of the 6000 genes in the genome. This is possible by repeating the PCR amplification with different gene-specific primers. That a single population, plus replicates, can serve to measure selection at all loci means that the extension of the experiment to multiple environments is not logistically daunting.
In the first large-scale test of the procedure, Smith et al. [6] used 'genetic footprinting' to score the fitnesses of Ty1 insertion mutations in 268 protein-coding genes on S. cerevisiae chromosome V. The populations were kept in a variety of growth conditions -rich medium, minimal medium, and media to which salt, caffeine or lactate had been added. Further selections were provided by growth at high temperature (36.5°C instead of the usual 30°C), and by following the recovery of genes following mating. The relative reduction in abundance of cells with Ty1 insertions in coding sequence varied, as expected, between genes. Smith et al. [6] classified the mutants' performance in rich medium into four observed levels of fitness: indistinguishable from wild type, over 85% wild-type fitness, between 75% and 85% wild-type fitness, and below 75% wild-type fitness. The results showed that 62% of the genes analyzed produced a detectable phenotype, and 38% did not. The authors estimated that failure to detect a phenotype indicates a growth reduction of less than 5%, and a reduction of mating proficiency of less than 50%. Perhaps the strongest result to emerge was that, for the vast majority of genes, mutations reduced growth rate under all selective conditions. Very few genes showed a mutant phenotype that was environment-specific. The strength of selection varied very greatly between genes, with only 20% being subject to strong selection -growth rate under 75% wildtype -in the rich medium.
The experiment, while powerful, is not a panacea to the problem of detecting fitness reduction. Population sizes of founding populations are large, but only a small fraction of the population have insertions in any particular gene. While it is unlikely that genetic drift could play a major role, the large number of mutations generated, some of which might be favourable, might cause frequency changes by 'hitch-hiking' through the generation of chance linkage disequilibria in the initial collection of mutant cells. Smith et al. [6] noted that estimated growth rates for the same gene examined in replicate populations fell within 5% of each other. While reassuring, even this variance between replicates makes it unlikely that the weaker selection that probably operates at the 38% of loci scored as apparently redundant could ever be demonstrated with this method.
